Melton, Andrew C., Anuj Datta, and Hal F. Yee, Jr. [Ca 2ϩ ]i-independent contractile force generation by rat hepatic stellate cells in response to endothelin-1. Am J Physiol Gastrointest Liver Physiol 290: G7-G13, 2006. First published August 25, 2005 ; doi:10.1152/ajpgi.00337.2005.-The contractile force generated by hepatic stellate cells in response to endothelin-1 contributes to sinusoidal blood flow regulation and hepatic fibrosis. This study's aim was to directly test the widely held view that changes in cytosolic Ca 2ϩ concentration ([Ca 2ϩ ]i) mediate stellate cell force generation. Contractile force generation by primary cultures of rat hepatic stellate cells grown in three-dimensional collagen gels was directly and quantitatively measured using a force transducer. Stellate cell [Ca 2ϩ ]i, myosin activation, and migration were quantified using standard techniques. [Ca 2ϩ ]i was modulated using ionomycin, BAPTA, KCl, and removal of extracellular Ca 2ϩ . Removal of extracellular Ca 2ϩ did not alter endothelin-1-stimulated force development or [Ca 2ϩ ]i. Ionomycin, a Ca 2ϩ ionophore, triggered an increase in [Ca 2ϩ ]i that was three times greater than that stimulated by endothelin-1, but only induced 16% of the force and 38% of the myosin regulatory light chain (MLC) phosphorylation induced by endothelin-1. Physiological increases in [Ca 2ϩ ]i induced by hyperkalemia had no effect on contractile force. Loading BAPTA, a Ca 2ϩ chelator, in stellate cells completely blocked endothelin-1-induced increases in [Ca 2ϩ ]i but had no effect on endothelin-1-stimulated force generation or MLC phosphorylation. In contrast, Y-27632, a selective rhoassociated kinase inhibitor, inhibited endothelin-1-stimulated force generation by at least 70% and MLC phosphorylation by at least 80%. Taken together, these observations indicate that changes in [Ca 2ϩ ]i are neither necessary nor sufficient for contractile force generation by rat stellate cells. Our results challenge the current model of contractile regulation in hepatic stellate cells and have important implications for our understanding of hepatic pathophysiology. myosin light chain phosphorylation; myosin light chain kinase; rhoassociated kinase; cytosolic calcium concentration MOUNTING EVIDENCE INDICATES that generation of contractile force by hepatic stellate cells in response to endothelin-1 contributes to the regulation of sinusoidal blood flow and the development of fibrosis (1, 7, 9, 17, 23, 29, 37) . Thus understanding the signal transduction pathways that control stellate cell force generation has considerable importance to defining the pathogenesis of and developing treatments for diverse disorders of the liver. At present, it is generally recognized that changes in cytosolic Ca 2ϩ concentration ([Ca   2ϩ ] i ) mediate force generation by stellate cells (2, 3, 8, 15, 20, 26 -29, 31) , but this notion has heretofore not been directly tested.
Several lines of evidence support a critical role for Ca 2ϩ in the regulation of stellate cell force generation. First, agonists such as thrombin, ANG II, and endothelin-1 that activate Ca 2ϩ -signaling pathways in stellate cells (3, 15, 26, 27 ) also induce stellate cell contraction (3, 15, 27, 30, 32, 38) . Second, in stellate cells, expression of plasma membrane Ca 2ϩ channels, magnitude of Ca 2ϩ influx through these channels, and [Ca 2ϩ ] i each correlate with the proportion of stellate cells that exhibits reductions in cell surface area (2, 8) . Third, contractile force generated by stellate cells is mediated by myosin II (14, 32, 43) , a protein known to be activated by Ca 2ϩ -dependent phosphorylation of the myosin regulatory light chain (MLC) in other cell types (12, 21, 34) . Taken together, these studies have provided persuasive, but circumstantial, evidence to support the prevailing belief that changes in [Ca 2ϩ ] i govern contractile force generation in stellate cells.
The aim of the present study was to directly test the hypothesis that the generation of contractile force by stellate cells in response to endothelin-1 is mediated by alterations in [Ca 2ϩ ] i . Our results suggest that changes in [Ca 2ϩ ] i are neither necessary for endothelin-1-stimulated contractile force generation nor sufficient to induce a characteristic contractile response. These findings challenge a widely held model of stellate cell contractile regulation and have important implications for understanding the pathophysiological mechanisms underlying cirrhosis.
MATERIALS AND METHODS

Materials.
Dulbecco's modification of Eagle's medium (DMEM), FBS, L-glutamine, penicillin/streptomycin, nonessential amino acids, sodium pyruvate, and trypsin-EDTA were purchased from Irvine Scientific (Irvine, CA). Fura 2-AM and BAPTA-AM were obtained from Molecular Probes (Portland, OR). Type I collagen (rat tail) was obtained from Upstate (Waltham, MA), endothelin-1 and Y-27632 were from Calbiochem (La Jolla, CA), and ionomycin was from Sigma (St. Louis, MO). All other reagents were obtained from Fisher (Hampton, NH).
Cell isolation and culture. Rat hepatic stellate cells were isolated and grown in primary culture as described (6, 39) . After isolation by density gradient centrifugation, cells were grown on plastic dishes in DMEM supplemented with 10% FBS, 200 mM L-glutamine, 50,000 units penicillin G, 50,000 units streptomycin, 1% nonessential amino acids, and 0.5 mM sodium pyruvate at 37°C in 5% CO 2. Mediacontaining serum was changed every 3 days.
Measurement of [Ca 2ϩ ]i. After 7 days in culture, stellate cells were washed with serum-free DMEM and removed from the dishes by adding 1 ml of five times trypsin-EDTA for 1 min at 37°C. The cells were then placed on 9 ϫ 22 mm cover glasses at a density of 6,000 cells/glass. Cells were next washed two times with Ca 2ϩ -containing buffer (in mM: 135 NaCl, 5 KCl, 0. -free buffer at 37°C. Agonists and antagonists were added directly to the buffer in the fluorospectrophotometer. Fluorescence emission at 510 nm was recorded every 0.5 s after excitation at 340-and 380-nm wavelengths. ⌬F 340/F380 is the change in the fluorescence emission ratio (340 nm/380 nm) relative to the average baseline fluorescence emission ratio before agonist treatment. Results presented include data collected from at least three independent stellate cell isolations. Statistical significance was determined using Student's t-test.
Quantitation of contractile force generation. The force generated by stellate cells within an elastic three-dimensional collagen gel was determined as described (38) . Stellate cells were removed from the dishes (as described above) after 7-10 days in culture and suspended in type I collagen at a density of 5 ϫ 10 5 cells/gel. After 3-4 days, collagen gels were attached to an isometric force transducer (Harvard Apparatus, Holliston, MA), stretched to their original length, and placed in a 37°C organ bath filled with either Ca 2ϩ -containing or Ca 2ϩ -free buffer. Agonists and antagonists were added directly to the bath. Changes in isometric tension were recorded through an analogto-digital converter (DAQ-500; National Instruments, Austin, TX) attached to a PC-type computer (Dell, Round Rock, TX) running data acquisition software (Virtual Bench; National Instruments). Results presented include data collected from at least three independent stellate cell isolations. Statistical significance was determined using Student's t-test.
Measurement of wound-induced migration. Wound-induced migration was determined as previously described (36) . Stellate cells were isolated, plated on glass cover slips in supplemented DMEM, and grown to confluency. Cell-free wounds (width ϭ 367 Ϯ 20 m; n ϭ 18 wounds) were created by dragging the tip of a sterile 20-l plastic pipette tip across the cover slip. After wounding, media was changed to 0.5% FBS-supplemented DMEM containing carrier, endothelin-1 with carrier, or endothelin-1 with BAPTA for 24 h. Digital images of the wounds were acquired immediately after wounding and 24 h later. Wound-induced migration was determined by measuring the percent change in the surface area of the cell-free wounds.
Determination of MLC phosphorylation. MLC phosphorylation was measured as described (41, 44) . After 7 days in primary culture, stellate cells were removed from the dishes (as described above) and placed on plastic dishes. Stellate cells were equilibrated in either Ca 2ϩ -containing or Ca 2ϩ -free buffer, and agonists or antagonists were added directly to the dish. Protein samples were suspended in 9 M urea buffer, loaded on a 10% acrylamide-glycerol gel, and then transferred to nitrocellulose. Immunoblot was performed with an antibody directed against MLC (no. 9828; see Ref. 36 ). Phosphorylated and unphosphorylated forms of MLC were detected using the enhanced chemiluminescence system (Amersham Biosciences, Piscataway, NJ). This immunoblot method permitted determination of MLC phosphorylation as the magnitude of the phosphorylated MLC signal as a percentage of the magnitude of the unphosphorylated and phosphorylated MLC signal from a given sample lane [i.e., phosphorylated MLC signal/(unphosphorylated MLC signal ϩ phosphorylated MLC signal)]. Results presented include data collected from at least three independent stellate cell isolations. Statistical significance was determined using Student's t-test. Fig. 2A) (Fig. 2B) . In contrast, endothelin-1 (2 nM) produced 232 Ϯ 28 dyn of force (Fig. 2B) ] i through VOCC are sufficient to induce contractile force generation, we transiently depolarized the stellate cell plasma membrane with hyperkalemic media. We observed no change in the force generated by stellate cells after exposure to buffer containing 100 mM KCl (Fig. 2C) (Fig. 3A) . Stellate cells loaded with BAPTA generated the same magnitude of force in response to endothelin-1 (2 nM) as cells not loaded with BAPTA (Fig. 3B ). These observations suggest that increases in [Ca 2ϩ ] i are not necessary for endothelin-1-induced stellate cell contractile force generation.
RESULTS
Extracellular
As a positive control to verify a functional effect of BAPTA, we studied the effects of BAPTA loading on endothelin-1-stimulated wound-induced migration of stellate cells. First, we verified our prior observation (36) that endothelin-1 enhances the rate of wound-induced migration (Fig. 4) . Next, we found that loading stellate cells with BAPTA completely abolished endothelin-1-stimulated wound-induced migration (Fig. 4) ] i do not mediate generation of contractile force in response to endothelin-1, we also quantified MLC phosphorylation in response to endothelin-1. Endothelin-1 (2 nM) stimulated a 37 Ϯ 2% increase in MLC phosphorylation that was sustained for at least 10 min (Fig. 5A) . In comparison, strongly increasing [Ca 2ϩ ] i with ionomycin (1 M) caused only a 14 Ϯ 4% increase in MLC phosphorylation that rapidly declined below baseline (Fig. 5A) . MLC phosphorylation in response to endothelin-1 was not altered significantly by blocking changes in [Ca 2ϩ ] i with BAPTA (Fig. 5B) ]i tracings in stellate cells after treatment with either endothelin-1 (2 nM; E; n ϭ 8) or ionomycin (Iono; 1 M; F; n ϭ 8). Arrowhead indicates the time when endothelin-1 or ionomycin was added. B: representative contractile force tracings after treatment with either endothelin-1 (2 nM; E; n ϭ 10) or ionomycin (1 M; F; n ϭ 3). Arrowhead indicates the time when endothelin-1 or ionomycin was added. C: representative contractile force tracing of stellate cells treated with hyperkalemic buffer (100 mM KCl; n ϭ 7). The recording gap just before addition of hyperkalemic buffer is an artifact resulting from washout of Ca 2ϩ -containing buffer and replacement with hyperkalemic Ca 2ϩ -containing media. Arrowhead indicates the time when hyperkalemic buffer was added.
little role, if any, in the regulation of myosin-dependent force generation in response to endothelin-1.
A rho-associated kinase signaling pathway mediates contractile force generation and MLC phosphorylation. If elevations in [Ca 2ϩ ] i mediate endothelin-1-stimulated contractile force generation, then inhibition of alternative signaling pathways should have little or no effect on force. To test this, we employed Y-27632, a selective inhibitor of rho-associated kinase (5, 40) . Y-27632 dramatically decreased endothelin-1-stimulated contractile force generation by 34% at 50 M and 70% at 100 M (Fig. 6A) . Y-27632 also blocked endothelin-1-stimulated MLC phosphorylation by 69% at 50 M and 81% at 100 M (Fig. 6B) . These data suggest that the Ca 2ϩ -independent rho-associated kinase signaling pathway contributes substantially to regulation of stellate cell myosin activation and force generation. These results suggest a rho-associated kinase signaling pathway as the mechanism through which endothelin-1 controls stellate cell force generation independent of [Ca 2ϩ ] i .
DISCUSSION
The principal aim of this study was to directly test the widely held belief that changes in [Ca 2ϩ ] i mediate contractile force generation by stellate cells in response to endothelin-1 (15, 26, 28, 29, 45 ] i by depolarizing the plasma membrane did not induce stellate cell force generation. Moreover, we observed that even superphysiological increases in [Ca 2ϩ ] i triggered by ionomycin were capable of stimulating only a small increase in contractile force. We also demonstrated that abolishing endothelin-1-induced elevations in [Ca 2ϩ ] i with BAPTA had no effect on stellate cell force generation in response to endothelin-1. In addition to quantifying the effects of BAPTA on [Ca 2ϩ ] i using a Ca 2ϩ -sensing dye, we verified a functional effect of loading It has been reported that L-type VOCC mediate rat hepatic stellate cell Ca 2ϩ influx (2, 22) and contraction (2) . In the current study, we found that removal of extracellular Ca 2ϩ had no effect on contractile force generation in response to endothelin-1. In fact, extracellular Ca 2ϩ was not even necessary for endothelin-1-stimulated increases in [Ca 2ϩ ] i . This observation is consistent with prior studies of endothelial, epithelial, and smooth muscle cells, in which activation of G protein-coupled receptors results in Ca 2ϩ release from intracellular stores (4, 24, 33) . Moreover, as discussed above, we observed that triggering influxes of Ca 2ϩ with membrane depolarization or ionomycin had no and little effect on contractile force, respectively. Discrepancies between the current findings and prior studies may be explained by substantial differences in the methods used to assay contractile force. We quantified contraction by directly measuring the force generated by stellate cells grown in a three-dimensional collagen gel with a sensitive force transducer. In the previous studies, investigators assayed contraction by determining the fraction of stellate cells grown on cover slips that demonstrated a reduction in cell area of Ͼ8%. Although changes in stellate cell surface area may correlate with contractile force generation, such changes could instead reflect alterations in cellular adhesion or volume, threedimensional remodeling of the cytoskeleton, or focusing artifacts. Moreover, the physiological relevance of an 8% diminution in stellate cell area is unclear. Based on the current and published data, we conclude that, although Ca 2ϩ influx through Ca 2ϩ channels may mediate stellate cell morphology, Ca 2ϩ influx does not appear to play a role in contractile force generation in stellate cells. We previously demonstrated that myosin II couples endothelin-1 to contractile force generation in stellate cells (32) . In cell types, such as smooth muscle cells, in which contractile regulation has been thoroughly characterized, it has been shown that Ca 2ϩ -activated myosin light chain kinase activates myosin through the phosphorylation of the MLC (12, 21, 34) . Thus it has previously been presumed that endothelin-1-induced increases in [Ca 2ϩ ] i should activate myosin II and subsequently stimulate contractile force generation by stellate cells (29) . However, several laboratories have shown over the past decade that contractile force generation by certain nonmuscle cell types, including fibroblasts and endothelial cells, is controlled predominantly by rho-associated kinase signaling pathways, with Ca 2ϩ signaling pathways playing a subordinate role (16, 25, 34, 46) . Furthermore, recent data indicate that pathways that signal through rho-associated kinase contribute to the regulation of stellate cell morphology (42) (43) (44) , migration (14, 36, 43) , and apoptosis (10) , and also to the development of hepatic fibrosis (14, 19, 35) . New studies also suggest that, in smooth muscle, Ca 2ϩ entry specifically through VOCC stimulates contraction in part through rho-associated kinase signaling (11, 18) . However, our data indicate that this signaling event is unlikely to occur in stellate cells based on the finding that hyperkalemia-induced membrane depolarization did not induce changes in contractile force generation.
In the current study, we observed that the selective rhoassociated kinase inhibitor Y-27632 is a powerful inhibitor of endothelin-1-stimulated MLC phosphorylation and force generation. The effects of Y-27632 were observed in the low micromolar range (50 -100 M), which is similar to the concentrations of this agent that have been shown to block collagen lattice shrinkage by rat hepatic stellate cells (43) and contraction of chicken fibroblasts (46) . It is interesting that the effective inhibitory constant (K i ) of Y-27632 in intact cells is Ͼ100 times greater than the reported K i (140 nM) determined in vitro (40) . The reason for this reproducible finding is unknown. Therefore, our results suggest that, in contrast to certain cell types, such as smooth muscle cells, where Ca 2ϩ mediates force generation, stellate cell contraction is mediated primarily by rho-associated kinase signaling pathways.
Based on these findings, we propose a new scheme for the regulation of contractile force generation by rat hepatic stellate cells. In this model, endothelin-1 stimulates contractile force generation by stellate cells via a pathway signaling through rho-associated kinase rather than Ca 2ϩ . This revision in our knowledge has major implications for our understanding of sinusoidal blood flow and hepatic fibrosis, since myosin-dependent contraction is thought to play key roles in stellate cell regulation of sinusoidal resistance (29, 32, 38) , chemotaxis (14, 36, 43) , cell survival (10), and extracellular matrix contraction (7) . Finally, our data, which suggest that stellate cell contraction and smooth muscle cell contraction are predominantly regulated by different signaling pathways, offer the potential for the development of novel therapeutic agents that selectively target the generation of contractile force by stellate cells.
